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An experircental investigatiop s3s conducted at X-bend frequea-
cies to determine the eifects of rf radiation on co—position resis-
tors, crysial diodes, :zransistors, and retal oxide silicon field-
effect transistors {¥OSFET). To obtain caxirun nower transier, the
cozporent leads were cut and dent to foero a half-wave dipole tuned
to the excitaticen frequency. The co—ponent was placed in a micro-
wave assezhly, oriented parallel to the elezctric field, and exposed
for several mignutes uniil thercal equilibrium was established.

Data cencerning percanent changes in the electrical character-
istics =f the cozponents as a furction of exposure to the E-field
were obtained. ¥easureoents were taken of the temperature rise of
the cezponents while various types of convection arnd forced-air
cozling were ecployed. These measurecents indicate that the changes
in the electrical characteristics of the components are primarily a
function only of the temperaiure rise produced in the component and
only secondarily, if at ali, a funciion of the field intensity per
se.
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1, INTRODUCTION

HDL has been investigating the effects of rf energy on components
used in the initiating circuits of fuzes. Hazardous conditions may
exist when such devices are piaced in strong rf fields, such &s those
produced by radars or communication traasmitters. Normally, fuze com-
ponents are protected fro. the undesired direct rf radiation by a
shielcded inclosure, but in some cases the exiernal connecting wires
may serve as a coupling mechanism between the irradiating rf field
and the circuit, because of pickup in the wiring or inadequate shield-
ing., The fields may cause prefunction of a fuze or permanent changes
in the electrical characteristics of the components, which may affect
its reliability.

The present experimental investigation was conducted .n X-band.
The intention was to determine only the minimum rf field strength
which, under long exposure, causes permanent changes in the electri-
cal characteristics of the components. No attempt was made to de-
termine whether the exposure was realistic of conditions in the fiela.

Knowledge of the threshold field affecting the components will
allow determination of shielding protection required in a hazardous
environment.,

2. GENERAL DISCUSSION

If a component is placed in an rf field so that two of its leads
form a dipole. the power transferred to the component will depend on:

(a) Orientation of the dipole relative to the E-field,

(b) Impedance of the load conpnected to the terminals
of the dipole,

(¢c) Field strength, and
(d) Wavelength.

If certain simplifying assumptions are made, the power absorbed by
the component can be ~alculated. It is assumed that:

{a) The romponent is placed in the field with its leads
parallel to the E-field;

(b} The leads form a thin half-wave dipole tuned to reso-
ance;

{c) The load impedance of the component is the complex
conjugaie of the half-wave dipole radiation impedance,
whose resistive component is equal to 80 Q (approx);

(d) The effective length £ of the half-wave dipole is A/m.
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The power intr the load can be expre:sed as

where
P =
ZL =
0‘_'
If ZL is the
where
RL =
Now,
v:
0
where
E:

P =
ZZL+ZO)2 (1)

power into the load (W)
open-circuit voltage at the dipole terminals (V)
load impedance (Q)

dipoie radiatien impedance (Q)

complex conjugate of ZO, the expression becomes

‘72
P = '4—3— (2)

L

real nart of ZL 280 Q

E4

eleciric field intensity (V/m), and

effective length of the half-wave dipole (m).

Substituting, we have

P

_ E2 12 _ -52 )\2

P =

4 RL 4 x80 xm

7 watts (3

E2A2 3.16 x 107% watts

If, for example,

>
n

then,
P =

The value of

4 cm

1000 V/m

0.5 ¥

the power absorbed by the actual components tested can-

not be easily computed since the simplifying assumptions do not
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necessarily apply. However, to obtain maximum power tramsfer in
the present experiments, the leads of each component were cut to
form a dipole and the component was placed in the r{ field with
its leads parallel to the E-field. Experimental data, described
in section 5, show reasonably good agree¢ment with the results ob-
tained from this ideaiized model

3. DESCRIPTION OF EXPERIMENTAL SETUP

Preliminsry investigations of the rf susceptibility of elec-
tronic components revealed that fields of several hundred volts
per meter procduced no cbservable effect on the components tested.
A stronger rf field was needed. A simple setup was therefore’con-
structed to produce fields ¢f several thousand volis per meter and
allow an investigation of the effect of X-band rf fields on small
electronic components. Figure 1 is a block diagram and figure 2
is a photograph of the bench setup.® A Hewlett Packard (HP) SHF
signal generator (model 6520-A) with an output of } mW over a 7- to
11-GHz range was connected tc an Alfred microwave IWT amplifier
(model 527-51) capable of produvcing 10 W. A Ferrotec isolator
{(model 1-155 I.) with 1-dB attenuation in the forward dirsction and
absut 20 dB in the reverse direction were used to prevent reflected
energy from returning to thé amplifier. The output from the ampli-
fier was connected to the following X-band waveguide equipment: two
20-4B directional ccunlers (HP model X752D) with HP model X382-A
variable attenuators. HP model 431-B power meters were used to
measure the input and reflected power. The microwave energy was
ther fed te & specially constructed microwave assembly (fig. 3),
which consisted of a Waveline-type 683 tuner and two X-band horn
antennas hinged sc that ithe second horn could be placed to inter-
cept all energy radiated by the first. The upper horn can be con-
nected through a piece of waveguide to a high-power variable attenu-
ator HP model X382-A and HP power meter, wo lel 431-B, or to a vari-
able short, To facilitate monitoring the field in the horm, a probe
made from an X-band slo'ted-line probe unit was installed in the wall
of the horn. The dimensions of the horn were chosen to reduce the
pessibiiity of generating higher order modes. The width of the horn
is the same as the width of the X-band waveguide (2.3 c¢m), and the
height flares out to a maximum of 4 cm, The component to be ir-
radiated, supported by a piece of fiberglass, is placed in the horn
so that the two leads form a dipole parallel teo the E-field in the
center of the horn. Thermocouple wires enter the horn through a
small opening near the fiberglass support.

4. DETERMINATION OF FIELD INTENSITY

Exact determination of field intensity in the horn when a com-
ponent is placed in it is difficult because of the scattering of
EM waves by the component and leads. However, the field-intensity

Y1llustrations appear on pages 22 through 63.



distributious in the horn when the component is not present 2ad the
horn is radisting inte free space can be computed as a function of
power into the horn and its geometry. Under these conditions the
reflected power was measured to be less thaa S percent of the trans-
mitted power., The component is placed in the horn as shown in fig-
ure 4, The E-field is parallel to the component leads and side b.

g [\ ]

LI}

0.023 m
0.938 n

[~
i

1)

[] B ab = cross-sectional area perpen-
dicutar to the direction of
propagation of the wave

= 0.023 x 0.038 x 10*n?

A

Figure 4. Diagram of component in horn.

The electric field in the TE;, mode has a sinusoidal distribution
across side a, being greatest in the center where the ccmponent is
located, and zero at the edges. Its value in the center is (ref 1):

E = V/b, (4)

where V = the rms voltage across the waveguide. For this mode, for
2 nondissipative guide (ref 2),

V= A S T (5)

where
{ = impedance of free space = 377 Q
P = power input in watts
A = waveiength in free space
P
G J = (A/2a)2 “"The guide wavelength™ (ref 3).
For
A = 3.1072 meters
and a= 2.3 x 1072 meters,
Ag = 3.97 x 107% meters (6)



Substituting, we have

E = 1070/P ~ 1000/P (7

To moniter the actual E-field at the componrent, a probe was in-
stalled in wall a of the horn parallel to the E-field and coaxisl
with the leads of the component. An X-band slotted-line probe unit
was used. It was connected to 2 coaxial thermistor mount and an
HP model 478-A used with HP model 431-B power meter. The power
pickad up by the probe P was noted for a field inteasity Ec, com-
puted using equation (7) and a3 known power intd> the korn. The probe,
thus calibrated,canbe used to determine the field opposite it under
any conditions with the use of the formula

e-/Pe/Pc

where PP is th2 probe power under the new coaditions. The probe in-

dicated that the presence of the component in the horn lowered the
actual value of the field intensity by scattering the BM wave and
possibly <he input power.

The rf amplifier used in this investigation can produce up to
10-¥ rf power, which will allow generation of undistirbed fields up
to 3000 V/m at the location of the tested corjonent. This value of
field intensity can be increased by terminating the power radiating
horn with another horn and a variable lergth of shorted waveguide.
If the shert is nA/2 + A/4 (where n is an integer) away ‘rom the
component, the field intensity wili be twice the value that it was
without the short, assuming that the reflected wave 1s absorbed by
the generator. The presence of mu!tiple reflections in the horn
caused a deviation from this value. However, if the probe is cali-
brated with the horn terminated by space (that is, neqligible re-
flection) and with no component present, it will give the true value
of the field intensity in the vicinity of the component even if
there are multiple reflectiors.

5. DETEPAINATION OF POWER ABSORBED BY COMPONENT

A simple mathematical model! was used to determine the power ab-
sorbed by the component when expcsed to rf radiation. The rf power
supplied to the horn is dissioated in the following four ways:

Pabsorbed ~-- Power abserbed by the component placed in the horn.

P.._ . -~ Power picked up by the second horn and dissipated
dissipated in the high power v2riable attenuator.

Preflected -- Power reflected back into the waveguide.

Plobt -~ Power absorbed in wavequide, radiated through leaks

and otherwise unaccounted for.
13
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The pewer equation can be expressed as:

P, P P (8)

. input Fabsorbed * lost®

dissipated + Preflected +
The power losses in the system can be determined when the lested com-

ponent is not present, since P, and P are

.. .
input?’ “dissipated’ reflecied

measurable £i3g. 1).

P =P, - P (9)

lost input dissipated * Preflected'
If it is assumed that the value of the power lost does not change
appreciabiy when the component is placed in the horn, the value of
the power absorbed can be detc:imined as fellows:

P (10)

Pabssrbed - Pinput - Pdissipated * Preflected * lost

vhere P was previously determined.

lest
The experimental data of the power absorbed by the component ob-~
tained by this method show a good agreement with the equation (3)
derived in section 2 for =n idealized msdel. This is illustrated in
figures 36 through 3% where the values of the absorbed power are in-
dicated for different values of field intensity generated in the horn.
At high values of the field intensity, the agreement with equation (3)
is not as good as it is at low values, which may be because of a
greater impedance mismatch caused by higher temperatures developed
in the components with increased field. For example, 0.5 W is ab-
sorbed in a field of 1000 V/m and 1.0 W in fields of 1600 V/m and
1800 V/m. At these ievels, the agreement with equation (3) is with-
in 25 perceni. However, 3.8 W is absorbed in a field of 2500 V/m
and 2.75 W in a field of 3000 V/m; and at these levels, the agree-
ment is only within 50 percent.

T T

6. DETERMINATION OF TEMPERATURE OF COMPONENT

To observe temperature changes in the component during exposure
to rf radiation, a Chromel-Alumel thermocouple was used. The thermo-
couple junction was welded to a small copper sleeve with dimensions
that allowed ample thermal contact, and easy insertion and removal of
tke component’'s lead. The sleeve was permanently mounted or a piece
of fiberglass placed in the horn perpendicular to the E-field. The
thermocouple junction measures the temperature of the lead where it
enters the component. The thermocouple wires enter the horn through
a small opening, approach the component perpendicular to the E-field,
and do not appreciably disturb the field. The other ends of the
thermocouple wires are connected to a high-sensitivity recorder. The
voltage between the thermocouple wires is closely proportional to

14




the temperature difference between the recorder terminals and the
junction. Standard NBS tables for therrocouples (ref 4) were used
to convert the thermocouple voltages to equivalent terperatures.

7. RESISTOR MEASUREMENTS

Quarter-watt composiiiasn resistors were individually placed in
the above-described microwave assembly (fig. 3J and exposed to rf
radietion. The leads of the resistors were cut to about 1/4 wave-
length (guide wavelength) and the frequency of the radiation was
tuned to achieve maximum coupling. The leads were parallel to the
E-field. A thermocouple junction was attached to one of the leads
as described above. Since the temperature oi the resistors in-
creases monotonically with abserbed power, the voltage output froo
the thermocouple, in addition to indicating thes temperature, served
as a convenient device to indicate maximum coupling. Figures 5
through 9 show normalized resistance measured after ithe resistors
were exposed to rf radiation of the indicated field intensity for
10 min, both with and without forced-air ceoling. Curves of equi-
librium temperature measured during the exposure to rf radiation
are also shown for each nominal value of resistor, both for ferced-
air cooling and for cooling by convection only. The shaded pertions
of the curves represent the spread for about 90 percenmt of all meas-
urements. The density of the distribution of the values is not uni-
form; values of normalized resistance larger thap 2 occurred only in
10 percent of the samples. Some 40 to 60 resistors of each neminal
value were tested. As is shown in the graph, the threshold field
intensity csusing permanent change in tie recistance ef resistors
that were not forced-air cooled varied from 1300 V/m for 2-kQ
resistors to 1650 V/m for 2-MQ resistors, corresponding to a tem-
perature of about 120°C in each case. Above zbout 200°C, a perma-
nent swarp drop in resistance took place. However, field intensities
up to 2000 V/m caused no permanent changes in the resistors that were
forced-air cooled.

Measurements of the value of the power absorbed by resistors of
various nominal values exposed to the same field intensity indicated
that maximum coupling was slightly greater for the 200-Q and 2-k2Q
resistors, and somewhat less for 2-MQ resistors than that for the
other values. The experimental data indicate that the permanent
change in resistors after exposure to rf radiation is a function
only of the temperature the resistor reaches; that is, the field in-
tensity needed to cause a giver change in a resistor depends not
only upon the coupling but on the heat dissipation capabilities of
the resistor,

19




8. DIODE MEASUREMENTS

Several types of silicon and germanium diodes were exposed to
rf radiation in the microwave assembly, using techniques described
in section 7. Figures 10 through 17 and 20 through 24 show typical
forward and reverse electrical characteristics of some of the tested
diodes before and after exposure to field intensitics of the indi-
cated values. The temperature rise in the diodes is also shown as
measured by the thermocouple during the exposure, both with and
without forced-air coeling.

8.1 Germanium Diodes

As is illustrated in figures 10 and 11, IN67-A germanium
diodes that were cuoled by convection became short circuited upon
exposure to fields of 3000 V/m at the time the temperaiure reached
160°C. The diodes that were forced-air cooled (fig. 12) experienced
oniy a moderate change upon exposure to field intensities up to 4000
V/m when their temperature reached about 100°C. This comparison re-
veals that the change in the electrical characteristics of the diode
is a function of the temperature rise and not of the field intensity.
The rate of hest dissipation from the diode determines the value of

the field intensity needed to cause a given change in the electrical
characteristics.

To examine the effect of the thermocouple on the diode lead,
tests were run without the thermocouple on about 30 diodes, but other-
wise identical with the diode tests under convection cooling. Sev-
eral typical sets of test results are shown in figures 13 te 17. Com-
parison with figures 10 and 11 shows that rf fields cause no greater
effect on diodes without thermocouples than on diodes with them. Fig-
ures 18 and 19 show changes in the normalized forward and reverse cur-
rents of the IN67-A germanium diode after exposure to the indicated
field intensities with heat dissipation by convection only. The for-
ward current was measured at +0.6 V and the reverse current at -60 V.
The shaded area of the curves represents the spread in the value of
normalized current among the central 90 percent of all measured samples.
An examination was made with 4U to 50 diodes of this type. The curve
within the shaded area (fig. 18,19) gives the change in the current
for a typical diode. Exposure to field intensities up to 600 V/m for
several minutes caused no observable change in the characteristics of
the diode. After exposure to fields between 600 and 2000 V/m, both
forward and reverse currents increased in most of the samples. For
exposure to field intensities between 2000 and 3000 V/m, a drop in for-
ward current and a sharp increase in reverse current were noted in most
samples. Exposure to field intensities above 3000 V/m shorted the
diodes.

16



8.2 Silicon Diodes

Figures 20 through 22 show the effect of exposure to EMR on
three different sampies of 1N3066 silicon diodes. Exposure te field
intensities up to 3000 V/m caused a temperature rise to 260°C but no
observable change in the electrical characteristics in any of the
samples. However, 3500 V/m raised the temperature of one diode to
270°C and also caused it to open up; 4000 V/m in the second diode
caused a temperature rise to 200°C and changed the reverse break-
down voltage from 160 to 15 ¥, and 4000 V/m in the third sample
raised the temperature to 28::°C but produced no change. One sample
of the HP2201 silicon "hot-carrier" diode was tested and the resulis
indicated that the expesure to field intensities of 2000 V/m caused
the temperature to rise to 1530°C and change in the electrical char-
acteristics as showr in fiqure 23.

Exposure to field intensities of 4000 V/m had no effect on
the electrical characteristics of IN747-A silicon diodes (fig. 24).
One of the five dicdes of this type tested was found to be open cir-
cuited after exposure to 2000 V/m. However, it is suspected that
accidentally applied high voltage from the transistor curve tracer
instead of rf energy caused its destruction.

On the basis of these experiments, it can bhe concluded that
higher temperatures are required to cause changes in the electrical
characteristics of silicon diodes than are required to cause changes
in germanium diodes. As was concluded in the case of germanium diodes,
temperature rather than field strength is the determining factor in
producing permanent changes in silicon diode characteristics.

9. TRANSISTOR MEASUREMENTS

Sikora and Miller (ref 5) report on the failure of a transistor
as a function of the junction temperature of the transistor. They
show that although different failure mechanisms are stimulated by
different types of stress, the rate of device failure is still de-
termined by the junction temperature of the device. Peterman (ref 6)
examines the temperature distribution over the active area of sili-
con transistors and reports that there is a different distribution
of temperatures for various values of I, and Vi when holding the
product (I¢ * Vge) constant. He observes that the formation of hot
spots at the junction was responsible fer the damage to the transis-
tors, and points out the difficulty in defining junction temperature
uniquely.

Types 2N3785 (germanium) and 2N2714 (silicon) transistors were

utilized in the investigation of the effects of rf radiation on
transistors. As with resistors and diodes, the transistors were

17



placed individually in the microwave assembly and excosed to known
rf fields in X-band. The base and emitter leads were bent and cut
to form a half-wave dipole oriented parallel to the E-field.

Measurcments of the junction temperature of the transistors ex-
posed to rf radiation were not attempted ia view of the earlier find-
ings. However, case temperature measurements were obtained by a
thermocouple attached to the case lead {(2N3785) or collector lead
(2n2714).

Figures 25 through 34 show the collector charrcteristics of typi-
cal transistors obtained before and after exposure to electric fields.
Figures 25 through 30 also indicate the temperatures reached by the
transistors during their exposure when heat dissipation was by con-
vection only. Figures 31 and 32 show the temperatures when transis-
tors were cooled by forced air during the exposure. Figures 33 and
34 show the electrical characteristics of the transistors after ex-
posure without forced-air cooling and with no thermocouple attached.
Forced-air cooling had the same effect as that observed with resis-
tors and diodes—that is, higher field intensities were needed to
cause equivalent changes in the electrical characteristics with
forced-air cooling than with convection cooling.

Figure 35 shows results of the investigation with 47 2N3785
germanium and 63 2N2714 silicon transistors that were cooled by
convection. Curves 1A and 2A show the cumulative distribution, ex-
pressed as a percentage of the respective populations of the tran-
sistors whose a-¢ betas changed more than 20 percent from their
original values, plotted against the electric field causing the
beta change. Curves 1B and 2B show the distribution of germanium
and silicon transistors that experienced catastropkic failure.
Temperatures reached by both transistor types are also plotted
against the field strength in curves 1C and 2C. The temperature
data are the means of all recorded measurements of temperature
versus electric field for each transistor type. It can be seen
that no transistors, germanium or silicon, were affected by ex-
posure for several minutes to fields below 600 V/m. Fields of
900 V/m caused catastrophic failure in about 50 percent of ger-
manium transistors, and fields of 1000 V/m caused catastrophic
failure in about 50 percent of all silicon transistors. About
115°C was recorded for germanium and 180°C for silicon transis-
tors before catastrophic failure occurred in half the respective
pepulations.

10. MOSFET MEASUREMENTS

Metal oxide siticon field-effect transistors (MOSFET) in two dif-

ferent case sizes (10-5, T0-46). with the same electrical charac-
teristics, were examined to determine the relation between their
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thermal capacity and the fizld intemsity causing p2rmanent changes.
The T0-5 is 0.35 in. (9 mm) in diameter and 0.18 in. (4.5 rm) high,
while the TO-46 is 0.22 in., (5.5 mm) in diameter and 0.98 in. (2 =)
high. The source and gate ieads were <ut and bent w form @ half-
wave dipole oriented parallel to the E-field. The YOSFET's were in-
dividually placed in the microwave assembly and exposed to known rf
fields in X-bané in the manner described previously.

Figures 36 through 39 show the drsir characteristics of typical
2N3408 NOSFET's of both case sizes obtained before and after exposure
to electric fields of indicated values while cosled by convection.

The power absorbed by the MOSFET's aifter thermal equilibrium was
reached is also indicated. The lower curves show the temperature

of the MOSFET's me3sursd with the thermocouple on the case lead during
axposure to the iwmiicated field intensities. Figure 40 shows the drain
charscterisiics and the temperature curves of the 2N3608 MOSFET (case
size TO-46) with forced-air cooling. Figure 41 shews the norrmalized
transconductznce of the MOSFET against applied rf field intemsity inr
vavious mounting cenfigurations having different therral capacities.

These figures iilusirate that when the thermzl capacity was de-
creased {that is, smaller case or no case), less field iniensity and
less 2bscrbed power were required by the MOSFET to cause changes in
its eiecirical characteristics. When the thermal capacity was in-
creased by cooling the MOSFET with tne blower as it was expesed io
rf radiatian, the required fieid intensity and absorbed power 2lse¢
were increased.

The thermal capacity of a MOSFET depends ¢n the area of its
case since heat dissipation is mainly by convection. The powers ab-
sorbed by the two sizes of MOSFET's that caused identical charges in
their electrical characteristics were proporiional to the ratio of
the heat-dissipating areas of their cases.

These measurements give a convenient indication of the tempera-
ture variation with power absorbed by the MOSFET. It was observed
that identical changes in the elecirical characteristics of 3l}l tested
sampies of the same size case occurred at the same case equilibrium
temperature, suggesting that—as is the case with d-¢ heating {sect
10.1 and ref 5)—the failure of MOSFET's when exposed to rf heating
is only a function of the temperature reached.

10.1 D-C Heating

Measurements were taken to comnare the values of d-c 2ad
rf power needed to cause changes in the case temperature and in the
electrical characteristics of the MUSFET's. Figures 42 and 43 show
that the same d-c power was required to cause changes in the elec-
trical characteristics of the MOSFET's for both case sizes. This
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vziue was ouch less than the value of rf pover required to cause the
same charges.

10.2 Oven Heating

KOSFET's were heated in an oven and drai: characteristics
were obtained for various terperatures 3s shown in figure 44. The
drai. characteristics were also obtained after the MOSFET's were re-
coved from the oven and allowed io cool to roonm temperature. A slight
change in the value of the transconductance was noted after heating
to 350°C and cooling to roon terperature. Heating to 420°C and cool-
ing to roonm tecperature csused the transconductance io change to 50
percent of the initial value, and heating to 529°C caused complete
and percanent destruction ~f the ¥0OSFET.

11. CONCLUSIONS

Data concernirg per=manent changes in the electrical character-
istics of the investiigated components as a function of exposure to
the E-field indicate that the changes are predominantly due to the
tecperature rise produced in the component by the field. The field
intensity, per se, has little if any effect on the components tested.
Censequently, the ability of a component to dissipate heat must be
censidered at least as important as the sirength of the electromag-
netic field to which the component is exposed.
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Figure 18, Normalized reverse current of 1IN67-A germanium diode
after exposwrs to EMR; raeverse characteristics at vr~.~60 V.
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Figure 19. Normalized forward current of 1N67-A germanium diode
after exposure to EMR; forward current at 0.6-V curve
for typical diode and spread for 80 percent of measured
sanmples.
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and metal oxide silicon field-effect transistors (MOSFET). To obtain maximum
power transfer, the component lends were cut and bent to form a half-wave dipole
tuned to the excitation frequency. The component was placed in a microwave as~
sembly, oriented parallel to the electric field, and exposed for several minutes
until thermal equilibrium was established.

Data concerning permanent changes in the electrical characteristics of the
components as a function of exposure to the E~field were obtained. Measurements
were taken of the temperature rise of the components while various types of con-
vection and forced-air coonling were employed. These measurements indicate that
the changes in the electrical characteristics of the components are primarily a

if at all, a function of the field intensity per se,

An experimental investigation was conducted at X~band frequencies to determine
the effects of rf radiation on composition resistors, crystal diodes, transisters,

function only of the temperature rise produced in the component and only secondarily
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